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Abstract 
We have grown Al-doped BaSi2 films by molecular beam epitaxy. It was found from the Hall measurements that the 
Al-doped BaSi2 showed p-type conductivity, and the hole concentration in as-grown BaSi2 was limited to the order 
of 1017 cm-3 at room temperature. The Al atoms in the BaSi2 diffused out from the BaSi2 by high-temperature 
annealing and segregated in both the surface and BaSi2/Si heterointerface regions.   
© 2009 Published by Elsevier B.V. 
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1. Introduction 
BaSi2 has attracted attention as a Si-based new material for high-efficiency thin-film solar cells, because it has 
a band gap of approximately 1.3 eV, and is composed of abundant Ba and Si. The optical absorption coefficient 
reaches approximately 105cm-1 at 1.5 eV in spite of its indirect band gap nature [1], which is about 100 times higher 
than that of crystalline Si. Recent reports on the photoresponse properties of BaSi2 epilayers on Si(111), and 
polycrystalline BaSi2 layers on SiO2 have shown that BaSi2 is very promising for thin-film solar cell applications [2-
4]. The basic structure of a solar cell is a p-n junction. Therefore, control of the conductivity of BaSi2 by impurity 
doping is a requirement. The carrier concentration of undoped n-BaSi2 is approximately 10
16 cm-3[1]. Until now, we 
have realized highly a-axis-oriented n- and p-type BaSi2 films grown on Si(111) substrates by molecular beam 
epitaxy (MBE) using Sb and In atoms as dopant atoms, respectively. The p value of In-doped BaSi2 was controlled 
in the range between 1016 and 1017 cm-3 by changing the temperature of the Knudsen cell of In. In contrast, the n
value of Sb-doped BaSi2 was controlled in the range between10
16 and 1020 cm-3[5]. Therefore, it is of great 
importance to realize heavily-doped p-type BaSi2 prepared with other dopant species.  
In this work, we adopted Al as an alternative dopant atom for p-type BaSi2, and formed Al-doped BaSi2 films 
for the first time. We also investigated the electrical properties of Al-doped BaSi2, and the depth profile of Al atoms 
as well as its stability against high temperature annealing.
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2. Experimental 
An ion-pumped MBE system equipped with standard Knudsen cells for Ba and Al and an electron-beam 
evaporation source for Si was used. By using a quartz crystal monitor, the deposition rates of these materials were 
controlled. High-resistivity floating-zone n-type Si(111) (1000-5000:.cm, 2×2cm2) substrates were used for 
electrical measurements. A well-developed 7×7 reflection high-energy electron diffraction (RHEED) pattern was 
confirmed after cleaning the Si(111) substrate at 850 ˚C for 30 min in ultrahigh vacuum (UHV). MBE growth of Al-
doped BaSi2 films was carried out as follows. First, reactive deposition epitaxy (RDE) was carried out to grow a 10-
nm-thick BaSi2 epitaxial film on Si(111) at 550 ˚C and used as a template for BaSi2 overlayers. Next, Ba, Al, and Si 
were co-evaporated on the BaSi2 template at 600 ˚C to form Al-doped BaSi2 by MBE. The thickness of the grown 
layers including the template was ranged from 200 to 300 nm. Details of MBE growth of BaSi2 have already been 
reported in our previous papers [6-8]. The ratio of Al vapour pressure to that of Ba (Al/Ba ratio) was varied from 
approximately 1/1000 to 1/10 by changing the temperature of Al Knudsen cell, TAl. After the MBE growth, 
annealing was carried out at 850 ˚C for 10 min in UHV. Rapid thermal annealing (RTA) was also carried out for 30 
to 180 s at 750 ˚C in N2 atmosphere to investigate the annealing time dependence. The crystalline quality of the 
grown layers was characterized by T-2TX-ray diffraction (XRD) measurements. The electrical properties were 
characterized by Hall measurement using the van der Pauw method. The depth profiles of Al atoms in the Al-doped 
BaSi2 films prepared with or without the annealing were characterized by secondary ion mass spectroscopy (SIMS).
3. Result and discussion 
3.1 As-grown Al-doped BaSi2
Figure 1 shows the TAl dependence of the carrier concentration measured at room temperature (RT) when TAl
was varied from 800 to 900 ˚C. When the TAl was 800 ˚C, the conductivity type changed from sample to sample. All 
the sample showed p-type conductivity when TAl=850 and 900 ˚C. However, the hole concentration was limited to 
the order of 1017cm-3. Figures 2(a) and 2(b) show the temperature dependences of hole concentrations and mobilities, 
respectively, for samples grown with TAl=850 and 900 ˚C. We can see two kinds of acceptor levels EA1=0.14 and 
0.05 eV for both samples as shown in Fig. 2(a). The temperature dependence of hole mobility was shown in Fig. 
2(b). The temperature at which the hole mobility reached a maximum value decreased with decreasing the hole 
concentration. These results shows that the impurity scattering dominates in the Al-doped p-type BaSi2.
Fig. 1 Carrier concentration of Al-doped BaSi2 measured at RT when TAl=800, 850 and 900
oC.  
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3.2 Annealed Al-doped BaSi2
We next performed 850 ˚C annealing on Al-doped p-type BaSi2 (p~10
17 cm-3) for 10 min in UHV in order to 
activate most of the doped Al atoms. However, the p-type BaSi2 changed into n-type BaSi2 with an electron 
concentration of approximately 1016 cm-3, differently from our prediction. Thus, in order to understand what 
happens during the high-temperature annealing, we performed RTA annealing on the Al-doped p-type BaSi2
(TAl=850 ˚C), and investigate time dependence of conductivity. As shown in Fig. 3, the hole concentration increased 
with RTA duration. However, approximately 120 s after the RTA, the conductivity changed from p-type into n-type. 
Figure 4 shows the SIMS depth profiles of Al atoms measured for Al-doped as-grown BaSi2 (TAl=850 ˚C) and 
that annealed at 850 ˚C for 10 min in UHV. It was found that the Al atoms are distributed almost uniformly before 
the annealing. However, the Al atoms showed a strong tendency of segregation, and are concentrated in both the 
surface and the BaSi2/Si heterointerface regions. In other words, we can say that the Al atoms were diffused out 
from the BaSi2 layers, and they are supposed to behave as undoped n-BaSi2. We think this is the reason why the Al-
doped BaSi2 showed n-type conductivity after the annealing. Thus, further studies will be mandatory to realize Al-
doped p-type BaSi2 with Al distributed uniformly in the grown layers.  
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Fig. 2 Temperature dependence of (a) hole concentration and (b) mobility for Al-doped BaSi2 when TAl=850 and 900
oC.
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Fig. 3 Dependence of carrier concentration and mobility on RTA time. RTA was performed in N2 at 750˚C.
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4. Conclusions 
We have demonstrated the formation of p-type BaSi2 films by MBE with Al atoms. The hole concentration was 
limited to the order of 1017 cm-3 at RT, and it was increased a little by high-temperature annealing. However, the Al 
atoms in the BaSi2 showed a significant tendency to diffuse out from the BaSi2 and segregate in both the surface and 
BaSi2/Si heterointerface regions.   
Acknowledgment  
This work was supported in part by PRESTO of the Japan Science and Technology Agency.  
References 
[1] K. Morita, Y. Inomata, and T. Suemasu: Thin Solid Films 508 (2006) 363. 
[2] Y. Matsumoto, D. Tsukada, R. Sasaki, M. Takeishi, and T. Suemasu: Appl. Phys. Express 2 (2009) 021101. 
[3] D. Tsukada, Y. Matsumoto, R. Sasaki, M. Takeishi, T. Saito, N. Usami, and T. Suemasu: Appl. Phys. Express 2
(2009) 051601. 
[4] D. Tsukada, Y. Matsumoto, R. Sasaki, M. Takeishi, T. Saito, N. Usami, and T. Suemasu: J. Cryst. Growth 311
(2009) 3581. 
[5] M. Kobayashi, Y. Matsumoto, Y. Ichikawa, D. Tsukada, and T. Suemasu: Appl. Phys. Express 1 (2008) 051403.
[6] Y. Inomata, T. Nakamura, T. Suemasu, F. Hasegawa, Jpn. J. Appl. Phys. 43 (2004) 4155. 
[7] Y. Inomata, T. Nakamura, T. Suemasu, F. Hasegawa, Jpn. J. Appl. Phys. 43 (2004) L478. 
[8] Y. Inomata, T. Suemasu, T. Izawa, F. Hasegawa, Jpn. J. Appl. Phys. 43 (2004) L771. 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
100
101
102
103
104
105
Se
co
nd
ar
y 
io
n 
in
te
ns
ity
 o
f 
A
l [
co
un
ts
/s
]
Normalized depth 
as-grown
annealed at 850oC for 10min
SiBaSi2
Fig. 4 SIMS depth profiles of Al atoms measured for Al-doped as-grown BaSi2 (TAl=850
oC)
and that annealed at 850 ˚C for 10 min in UHV.
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